Introduction
Herbicides are a powerful weed control tool for farming operations around the world. A perceived overreliance on herbicides for weed control has sparked much debate on how to best incorporate herbicides into sustainable weed management systems. To have an informed discussion on the future of herbicide use, it is important to understand current and past trends. There is increasing public interest in how herbicide use has changed over time, and whether those changes have positively or negatively affected evolution of herbicide resistant weeds as well as human and environmental health. Risk analysis is complex even when considering only a single active ingredient since multiple endpoints must be considered (applicator health, aquatic organisms, birds, insects, etc.). Risk analysis becomes far more complex when looking at multiple herbicides used across multiple crops. The complexity associated with proper risk analysis is often at odds with a desire to have a simple answer about whether changes are "good" or "bad."
To address this reasonable desire for a simplified answer, several researchers have attempted to quantify overall pesticide impacts using simplified measures; however, the two most commonly used metrics (weight of herbicides applied and the environmental impact quotient, EIQ) result in misleading or incorrect conclusions. The total amount of herbicide applied per unit area, for example, has been reported in several recent publications (Benbrook et al. 2012; Perry et al. 2016 ). However, when a variety of different herbicides are applied, each with different use rates and toxicity profiles, simply reporting the weight of pesticide applied is dubious at best, and misleading at worst. A recent National Academy of Sciences report recommended that "Researchers should be discouraged from publishing data that simply compares total kilograms of herbicide used per hectare per year because such data can mislead readers." (NAS 2016, pg 87) This analysis focused on three components of risk that relate directly to herbicide use and are of interest to many weed management practitioners: 1) the number of herbicide treatments made per unit area (as a proxy for escalating reliance on herbicides); 2) herbicide site of action diversity (as a proxy for risk of herbicide-resistant weed evolution); and 3) mammalian acute and chronic toxicity (as a proxy for applicator health risks from herbicide exposure). In this report, I describe trends in herbicide use for six crops (corn, cotton, rice, soybean, spring wheat, and winter wheat) grown in the US between 1990 and 2015. The analysis is based on publicly available data, and encompasses a large geographic area as well as a 25 year time scale. In recent years, these six crops were grown on a combined 87 million hectares annually in the United States.
Methods

Data sources
Data for herbicide use and crop planted area were downloaded from USDA-NASS (quickstats.nass.usda. gov) for all available years between 1990 and 2015. For each herbicide active ingredient included in the NASS data, the herbicide site of action (by WSSA code), the acute rat LD 50 , and the chronic 24 month rat NOEL was recorded. Site of action and toxicity data were collected from the Herbicide Handbook (Shaner et al. 2014 ) if available, otherwise US EPA registration documents were searched to find the information.
Area-treatments
Heeding the recommendation from the recent National Academies report (NAS 2016) , total herbicide applied in kg of active ingredient per hectare is not presented or discussed in this report. Instead, areatreatments were calculated; an area-treatment can be roughly defined as the number of times one herbicide was applied to one field. The total amount of each herbicide active ingredient applied per crop per year was divided by the average application rate (Rate) within each crop for each year, then further divided by the number of planted acres (acres) of that crop in that year to obtain area-treatments (AT).
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All area-treatments were then summed for each herbicide ai to determine the total number of areatreatments applied in each year to each crop. It is possible (common, in fact) for the total number of area-treatments to exceed 1 (or 100% of total crop area). For example, a value of 2 area-treatments could be obtained in several ways; either by applying two different herbicides at full rates in a tank-mixture to the same field (1 + 1 = 2), or by applying the same herbicide to the same field twice (1 × 2 = 2), or even by applying four different herbicides at half of their average application rates to the same field (0.5 + 0.5 + 0.5 + 0.5 = 2).
Site of action diversity
Herbicide site of action diversity was estimated by calculating the effective number of herbicides (ENH). This metric was derived by calculating the exponential function of Shannon' s diversity index (Shannon 1949) . Interpretation of ENH is intuitive; ENH is an estimate of the number of equally common herbicide sites of action. This number can be used to compare herbicide programs within a crop over time, but also to compare herbicide site of action diversity among crops. As ENH decreases, the selection pressure for herbicide-resistant weeds increases, at least in theory.
Relative toxicity
For this analysis, the hazard quotient (HQ) is defined as the sum of the amount of each herbicide applied per hectare divided by the toxicity of each herbicide:
where N is the total number of herbicide active ingredients applied to a crop in a year, Amount is the total weight of each active ingredient (ai) applied in mg/ha, and Toxicity is either the chronic or acute toxicity value for each ai. For the chronic hazard quotient, Toxicity is the 24 month rat NOEL expressed in mg/kg body weight/d. For the acute hazard quotient, Toxicity is the acute rat LD 50 expressed in mg/kg. This result is consistent with the "herbicide treadmill" criticism that U.S. crop production has become increasingly dependent on herbicides for weed control. No causal relationships can be determined from this data, however, and there are many factors that may have driven increased herbicide use over time. Use of tillage in the US has steadily decreased in most crops since 1996, though the rate of tillage reduction depends on the crop and growing region (USDA-ERS 2016). Whether or not tillage is used explicitly for weed control, most tillage operations will provide weed control benefits like killing emerged seedlings and burying weed seed. When tillage is reduced, farmers become more reliant on other weed control practices, including herbicides. At least some of the widespread increase in herbicide use is certainly attributable to adoption of conservation tillage practices. It is important, then, to weigh the concern of increased herbicide use with the benefits that may have also accrued.
Results
Area-treatments
Although no new herbicide sites of action have been commercialized in the last 25 years, many new herbicide products have entered the market. Many of these new products contain multiple active ingredients. Increased marketing and use of these multi-ingredient products may have contributed to increased herbicide area-treatments, though this data set did not provide commercial formulation information so it is unclear whether this was the case. 
Site of action diversity
After adoption of glyphosate-resistant varieties, the effective number of herbicides in soybean and cotton decreased rapidly (Figure 2) , however, a similar trend was not observed in corn. In recent years, the effective number of herbicides used in corn has remained relatively steady, but the number has increased in soybean and cotton. The recent increase may be due, at least in part, to the increasing number of glyphosate resistant weeds that have evolved in these systems. The effective number of herbicides used in spring and winter wheat is lower than for the other 4 crops, but has been increasing steadily over time. These results suggest that glyphosate-resistant crops have not had a uniform effect on selection pressure for herbicide resistant weeds. In corn, glyphosate seems to have supplemented other effective herbicides, with minimal impact on the effective number of herbicides being used. In soybean and cotton, however, glyphosate replaced other herbicides, thereby reducing the effective number of herbicides. The result is that selection pressure for herbicide-resistant weeds likely increased in soybean and cotton as more acres of glyphosate-resistant crops were planted, but a similar increase in selection pressure was not observed in corn due to maintained use of alternative herbicides.
Relative toxicity
Pesticide toxicity is often discussed in a very general sense (e.g. using "more toxic herbicides"), but there is not a strong relationship between acute and chronic toxicity, and therefore, the distinction between these two measures of toxicity is important. For the 118 active ingredients in this data set, the correlation between chronic and acute toxicity values was not statistically significant (r = 0.096, P = 0.31). This resulted in differences in the chronic and acute toxicity hazard trends among crops in this analysis. The chronic toxicity hazard has decreased substantially in soybean, rice, and spring wheat, increased in cotton, and remained relatively stable in corn and winter wheat (Figure 3) . Conversely, the acute toxicity hazard has decreased substantially in all crops except winter wheat (Figure 4 ). Although acute toxicity is relatively well-known (and designated by signal words on pesticide labels), the chronic toxicity of pesticides is often not considered by applicators. These results suggest that trends in herbicide use in the U.S. have been mixed with respect to chronic risks faced by herbicide applicators. Herbicide use is among the most criticized aspects of modern farming operations, especially in response to widespread adoption of genetically-engineered (GE) herbicide-resistant crops. Weeds are a fact of life for farmers around the world, and weeds influence many farming decisions either directly or indirectly. If left uncontrolled, weeds could reduce world food production by as much as 20 to 40% (Oerke 2006) . To control the weeds and increase their marketable crop, farmers have increasingly turned to herbicides. When viewed in isolation, the increase in herbicide reliance is troubling. Use of glyphosate herbicide in particular has received increased scrutiny due to its association with the most dominant GE crop trait. A dramatic increase in glyphosate use (Benbrook 2016 ) has justifiably generated concern among scientists, policy-makers and the general public. As this analysis shows, however, the increased use of herbicides may not be inherently bad, as sometimes these changes correspond with reduced toxicity. This analysis provides only a small component of the potential impacts related to herbicide use, and does not account for risks to the environment (or any potential benefits). The results of a full environmental analysis are likely to be similarly mixed, though, since soil persistence, leaching potential, and wildlife toxicity of these 118 herbicides differ at least as much as mammalian toxicity.
The toxicity analysis presented here was limited to mammalian toxicity, and therefore is most relevant to chronic and acute risks faced by pesticide applicators, and to a much lesser extent, consumers. This analysis should not be extrapolated to draw conclusions about non-mammalian systems, and should be interpreted with caution even for human health risks. The acute mammalian toxicity of herbicide programs used in the U.S. has decreased over the last 20 to 25 years for 5 out of 6 crops, and chronic toxicity has decreased for 3 of the 6 crops. The largest decreases in the hazard quotient were a result of discontinuation of several products with relatively high toxicity including alachlor, cyanazine, and molinate. In this regard, the EPA' s decisions to discontinue these products appear to have had a beneficial effect on applicator health risks.
Because adoption of genetically-engineered (GE) herbicide-resistant crops was so rapid and so widespread, the temporal component confounds the ability to define causal relationships between adoption of GE crops and herbicide use trends described here. Brookes and Barfoot (2012) convincingly explain that extrapolating recent non-GE herbicide usage to represent what all non-GE crop growers would be doing in the absence of GE technology is problematic for several reasons. The minority of growers not using GE technology today are probably not representative of all growers, and therefore their pesticide use is almost certainly not an accurate way to compare overall pesticide use between GE and conventional crops. For example, farmers might not adopt glyphosate-resistant crops because weed densities on their farm are relatively low, or if the farmer is not managing herbicide-resistant weeds. Herbicide use is likely to be lower for these non-adopters regardless of which technology they use for weed control. Results of these comparisons would likely bias results toward higher herbicide use in GE crops.
Although USDA data does not allow direct comparison between herbicide use in glyphosate-resistant versus conventional varieties, some general conclusions can be drawn in this regard. Glyphosate has an approximate acute LD 50 of 5037 mg/kg, with some variation depending on which salt is applied. This makes glyphosate less acutely toxic than 94% of the herbicides in this data set. Although glyphosate is considered a relatively safe herbicide with respect to acute toxicity, it is not an outlier in this regard. The median acute LD 50 for herbicides in this analysis was 3556 mg/kg, and only 5 herbicides had acute LD 50 of less than 500 mg/kg. Therefore, the contribution of glyphosate to acute toxicity was nearly the same as its contribution to herbicide use as measured by area-treatments; that is, if glyphosate made up 20% of area treatments, it typically contributed to slightly less than 20% of the acute hazard quotient.
Chronic toxicity was a different story, however. Glyphosate has a lower chronic toxicity than 90% of all herbicides in this analysis, but it falls much further from the median chronic toxicity value compared to acute toxicity. In the last year of survey data for each crop, glyphosate made up 26% of corn, 43% of soybean, and 45% of cotton area-treatments, but only contributed 0.1, 0.3, and 3.5% of the total chronic hazard quotients in those crops, respectively. So although the chronic hazard quotient increased in 2 of 3 glyphosate-resistant crops, if glyphosate were not used the chronic hazard quotient would almost certainly be even greater since other herbicides with greater chronic toxicity would have been used instead. Similarly, if glyphosate use were discontinued (as was recently proposed in the EU) the resulting displacement of glyphosate by other herbicides is likely to have a negative impact on chronic health risks faced pesticide applicators.
The question remains, though, whether it is possible to maintain the relative toxicity benefits provided by the glyphosate-resistant system, while increasing the herbicide site of action diversity to reduce selection pressure for herbicide-resistant weeds. It is also important to remember that mechanical and cultural weed management practices must be used whenever appropriate to reduce reliance on herbicides for weed control.
